In an attempt to improve behavioral memory, we devised a strategy to amplify the signal-to-noise ratio of the cAMP pathway, which plays a central role in hippocampal synaptic plasticity and behavioral memory. Multiple highfrequency trains of electrical stimulation induce long-lasting long-term potentiation, a form of synaptic strengthening in hippocampus that is greater in both magnitude and persistence than the short-lasting long-term potentiation generated by a single tetanic train. Studies using pharmacological inhibitors and genetic manipulations have shown that this difference in response depends on the activity of cAMPdependent protein kinase A. Genetic studies have also indicated that protein kinase A and one of its target transcription factors, cAMP response element binding protein, are important in memory in vivo. These findings suggested that amplification of signals through the cAMP pathway might lower the threshold for generating long-lasting long-term potentiation and increase behavioral memory. We therefore examined the biochemical, physiological, and behavioral effects in mice of partial inhibition of a hippocampal cAMP phosphodiesterase. Concentrations of a type IV-specific phosphodiesterase inhibitor, rolipram, which had no significant effect on basal cAMP concentration, increased the cAMP response of hippocampal slices to stimulation with forskolin and induced persistent long-term potentiation in CA1 after a single tetanic train. In both young and aged mice, rolipram treatment before training increased long-but not short-term retention in freezing to context, a hippocampus-dependent memory task.
The second messenger, cAMP, and cAMP-dependent protein kinase A (PKA) have been implicated in short-and longlasting synaptic plasticity in Aplysia and in short-and longlasting behavioral learning in Aplysia and Drosophila (1, 2) . Recently, convergent pharmacological and genetic evidence has also implicated the cAMP system in short-lasting longterm potentiation (LTP) at the mossy fiber-CA3 synapse of rodent hippocampus (3) (4) (5) (6) , and, strikingly, in the stronger longer-lasting intermediate and late phases of long-lasting LTP (L-LTP) that follow three to four trains of tetanic stimulation in all three hippocampal pathways: the perforant, the mossy fiber, and the Schaeffer collateral (CA3-CA1) (3, (7) (8) (9) (10) (11) (12) (13) (14) . LTP is a well studied example of synaptic plasticity in mammals, thought to be a candidate cellular mechanism for mediating some forms of explicit hippocampus-dependent memory (15, 16) . L-LTP has been of particular interest in regard to this behavioral correlation, because it is much more persistent than the short-lasting long-term potentiation that follows a single tetanic train (7, 8, 9) . L-LTP persists as long as it has been observed, up to 29 hr in vitro, and depends at later time points not only on PKA activity but also on transcription and translation (3, 6, 8, 9) , much like behavioral long-term memory.
The dependence of L-LTP, in hippocampal slices and behavioral memory, on PKA activity suggests that increasing cAMP signaling might increase behavioral memory by raising the probability that long-lasting synaptic plasticity would occur after synaptic stimulation. However, administration of cAMP analogs such as Sp-cAMPS alone can cause long-lasting potentiation in rats that occludes subsequent electrical induction of L-LTP (11) , suggesting that simply elevating cAMP throughout the hippocampus or brain might occlude rather than enhance synapse-specific strengthening. To avoid the possibility of such occlusion, we used low levels of phosphodiesterase (PDE) inhibition to maintain basal cAMP concentrations within the physiological range while selectively amplifying transient cAMP increases at active synapses.
Cyclic nucleotide PDEs are a large family of enzymes composed of at least 14 transcription units, many with alternately spliced isoforms (17) . The PDEs have been grouped into seven families based on their regulation and substrate specificity, two of which, type IV and type VII, have cAMP as their nearly exclusive substrate. PDE inhibitors potentially can increase signaling through the cAMP system by inhibiting cAMP breakdown. Nonspecific PDE inhibitors, such as caffeine, have long been known to improve some behavioral performance in experimental animals (18, 19) , although this appears to be caused by their antagonism of adenosine receptors or to their effects on intracellular Ca 2ϩ stores. More recently, high doses of both nonspecific PDE inhibitors (papaverine, isobutylmethylxanthine) and type IV PDE-specific inhibitors (rolipram and Ro20-1724) have been found to improve memory in passive avoidance tasks in rodents when administered immediately, but not hours, after training (20, 21) . These effects were postulated to be caused by increases in cAMP concentration in the brain, but neither their synaptic nor their biochemical basis was investigated.
KCl͞2.0 CaCl 2 ͞2.0 MgSO 4 ͞25 NaHCO 3 ͞1.0 Na 2 HPO 4 ͞10 glucose, sliced into 350-m transverse sections on a tissue chopper, gradually warmed to 36.5°C in ACSF bubbled with 95% O 2 and 5% CO 2 and allowed to rest, submerged, for at least 1 hr. Slices were then transferred to oxygenated ACSF containing the indicated rolipram concentrations [in ACSF plus 0.1% dimethyl sulfoxide (DMSO)] for 30 min. Duplicate samples then were incubated in 5 M forskolin (at a final concentration of 0.11% DMSO) or in 0.11% DMSO for 15 min. Eight experiments were performed, and duplicate individual slices were assayed for each data point. cAMP concentrations were determined by RIA (DuPont͞NEN) according to the manufacturer's instructions. After a logarithmic transformation, the data were analyzed by ANOVA followed by a Neuman-Keul multiple comparisons test.
Physiology. Hippocampi from 8-to 12-week-old male C57\Bl6 mice were dissected rapidly in iced oxygenated ACSF, sliced into 400-m transverse sections on a tissue chopper and allowed to rest in an interface chamber for at least 1.5 hr at a flow of about 1 ml per min. A bipolar nickel stimulating electrode and a glass recording electrode were placed in the stratum radiatum of area CA1 to record field excitatory postsynaptic potential (fEPSP). An input-output curve was used to set the baseline fEPSP at 35-40% of maximal slope, and half an hour of baseline data was gathered to assure stability of the preparation. In different slices interleaved in one series, rolipram or vehicle was added (in final concentration of 0.1% DMSO) to perfusate slices after 30 min and was perfused for 1 hr. When LTP was generated, the stimulus, 100 Hz ϫ 1 s, was given at the midpoint of the PDE inhibitor infusion or just before its addition. The experimenters were blind to the contents of the solutions. The data were analyzed by Student's unpaired t test.
Behavior. Rolipram is absorbed fully and rapidly after oral administration in several species, including rat and human, although there is wide variability in first-pass metabolism (22) . Based on studies of rolipram pharmacokinetics after oral and i.v. administration in rat and other species (22), we chose s.c. administration to avoid first-pass metabolism and calculated that a dose of 0.1 mol͞kg rolipram would yield a concentration between 0.06 M and 0.2 M in brain 30 min after treatment, based on a half-life of 1-3 hr and the observation that cerebrospinal fluid concentration was twice that in serum.
Nociception. One-half hour before testing, 12-to 16-weekold male C57͞Bl6 mice were injected by a blinded investigator with 0.1 mol͞kg rolipram in 10% Cremophor (BASF Bioresearch, Cambridge, MA)͞PBS or with vehicle alone. Each mouse was placed in a chamber with a floor of metal bars and subjected to 1 s shocks of gradually increasing amperage (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mA) at 1 min intershock intervals. Mice were scored for their first visible response to the shock (flinch), their first extreme motor response (run͞ jump), and their first vocalized distress (scream).
Open Field. Starting 20 min after injection with the indicated dose of rolipram or vehicle alone by a blinded investigator, 12-week-old male C57͞Bl6 mice were observed for 1 hr in a standard open field using video tracking (San Diego Instruments, San Diego, CA) and scored for path length, rearings, nose pokes, and proportion of time and path length in the center vs. periphery. Mice were returned for a second hour block after 24 hr.
Visible Platform Water Maze. Mice were handled for 2 min daily for 7 days before training. On day one of training, mice were injected 30 min before their first trial with either 0.1 mol͞kg rolipram or vehicle alone. On three trials each day, each mouse was placed in the maze and allowed to swim for 1 min to reach a submerged platform marked with a black flag. Once the mouse reached the platform (or was helped there if he did not reach it on his own), he was allowed to rest there for 30 s, and was then held for 30 s while the platform was moved to a new random location, and the mouse started the next trial from a new location in the pool. Failures to reach the platform were scored as 60 s.
Freezing to Context. One-half hour before training, 12-to 16-week-old male or female C57\Bl6 mice were injected in their home cages by a blinded investigator with the indicated concentration of rolipram in 10% Cremophor͞PBS or with 10% Cremophor͞PBS alone. For training, individual mice were placed in the training cage, where they spent 2.5 min exploring the new environment. During the last 30 s of the training period, a tone was sounded, and at the end of the tone, a shock of 0.4 mA ϫ 2 s was delivered to the mouse through the bars of the floor. The mouse was then allowed to remain in the cage for 30 s more while immediate freezing was scored. Individual animals were returned to the training cage for scoring after either 1 or 24 hr. Freezing was scored by a blinded observer over a 5-min period divided into 5-sec intervals. A 5-s block was not scored as ''frozen'' if the animal moved its head or any limb during the block. The data were analyzed by Student's unpaired t test.
RESULTS
Effects on cAMP Metabolism in Vitro. Because of the high level of expression of type IV PDE in the brain, and because the Drosophila type IV PDE homologue is the locus of the learning mutant dunce (23), we decided to use low concentrations of a type IV-specific PDE inhibitor, rolipram. We found that 45 min after the addition of low concentrations of this competitive inhibitor (0.03 or 0.3 M), hippocampal slices showed no significant change in basal cAMP concentration (Fig. 1 ). Significant increases in basal cAMP concentration were observed only at a higher inhibitor concentration (3.0 M). However, when adenylyl cyclase was stimulated by the addition of 5 M forskolin to the bath, an effect of even low concentrations of rolipram was uncovered, and the increase in cAMP concentration in hippocampal slices in the presence of forskolin was significantly greater in the presence of 0. Frey et al. (11) found that cAMP levels rose only transiently after generation of L-LTP, suggesting that the activation of cyclase was quite short lasting. Our experiments support the observation that cyclase activation is quite transient. To see any effect of rolipram on enhancing LTP, the drug had to be present at the time of tetanus; when rolipram was added immediately after tetanus, fEPSP potentiation returned to baseline with the same time course as in slices treated with a single train (n ϭ 4; Fig. 2B ). These results suggested that low concentrations of a specific PDE inhibitor potentiated and lengthened LTP by amplifying a cAMP transient that occurred after tetanic stimulation in slices, without affecting basal cAMP concentrations or synaptic transmission.
Behavioral Effects. To test the effect of this manipulation on memory, we examined the effect of low-dose PDE inhibitor on context conditioning, a task that depends on the hippocampus (24, 25, 26) . This task tests memory for a complex stimulus by quantifying an aspect of the fear response of an animal to an environment in which it previously received a weak electrical shock. We injected a dose of 0.1 mol͞kg rolipram calculated to produce an estimated concentration between 0.06 and 0.2 M in brain 30 min after treatment and then trained the mice by exposing them to a novel environment for 2.5 min with a warning tone for the last 30 s before administering a mild footshock (0.4 mA for 2 s). We then measured the percentage of time mice spent freezing, defined as total immobility except for respiratory movements, immediately, 1 hr, or 24 hr after training (in the absence of footshock or other noxious stimulation, mice do not freeze). When tested immediately or 1 hr after training, there was no difference in freezing between rolipram-and vehicle-treated mice ( Fig. 3 ; immediately: 17.0 Ϯ 1.6% vs. 16.5 Ϯ 1.2% for rolipram (n ϭ 21) vs. controls (n ϭ 23); not significant; 1 h: 19.0 Ϯ 2.7% vs. 19.4 Ϯ 2.3% for rolipram vs. controls (n ϭ 12 each); not significant), suggesting that rolipram had no effect on aspects of performance such as perception of the environment, nociception, motor activity, or short-term memory. However, when tested for long-term memory 24 hr after training, rolipram-injected mice froze 62% more than vehicle-injected mice (28.5 Ϯ 2.0% vs. 18.3 Ϯ 2.8% for rolipram (n ϭ 9) vs. controls (n ϭ 11); P Ͻ 0.01, Student's unpaired t test). Consistent with our hypothesis and our biochemical and physiological results, when mice were injected 30 min before training with 3 mol͞kg rolipram (calculated to yield a brain concentration between 2 and 6 M, in the range that raised basal cAMP concentration in slices), the animals were quite lethargic during training (as previously reported, ref. 27) , so that immediate and 1-hr freezing could not be measured and 24-hr retention was not at all enhanced ( Fig. 3; 19.1 Ϯ 3.9% vs. 20.0 Ϯ 3.1% for 3 mol͞kg rolipram (n ϭ 8) vs. vehicle (n ϭ 9); not significant).
In studies of memory, drugs frequently are given immediately after the training task to isolate effects that the drug may produce on aspects of performance, such as perception of pain (or other unconditioned stimulus) or of the environment (or other conditioned stimulus) from those on memory consolidation (28) . Our physiological effect on LTP requires the presence of a PDE inhibitor during synaptic stimulation, while published memory-enhancing effects of rolipram and Ro20-1724 were observed when the drugs were given immediately after training, although these experiments used about 100-fold higher doses than we did (20, 21) . We were able to reproduce this effect when we injected high-dose rolipram (3 mol͞kg) immediately after training, resulting in a 38% increase in freezing after 24 hr (29.8 Ϯ 2.4% vs. 21.6 Ϯ 2.1% for 3 mol͞kg rolipram (n ϭ 16) vs. vehicle (n ϭ 20); P Ͻ 0.02). We also observed an increase of freezing when we injected 0.1 mol͞kg rolipram after training (vs. 26.9 Ϯ 5.6% vs. 12.9 Ϯ 3.2% for 0.1 mol͞kg rolipram vs. vehicle (n ϭ 12 each), P Ͻ 0.05).
Rolipram might be increasing apparent memory by amplifying perception of the training shock or by decreasing the baseline activity of mice 24 hr after treatment. Rolipram, 0.1 M or 3.0 M, had no significant effect on test fEPSPs generated at the CA3-CA1 synapse of C57\Bl6 hippocampal slices (A). However, when LTP was induced by a single tetanus of 100 Hz ϫ 1 s at the same stimulus intensity in the presence of 0.1 M or 0.3 M rolipram, the resultant LTP was both larger and longer-lasting than in the absence of PDE inhibitor. Rolipram (0.1 M) had no effect on the size or duration of LTP when perfused immediately after the stimulus (B). injection (Fig. 4A) . In the open field, this dose of rolipram had no effect on motor activity at 70 or 80 min after the dose or on the next day, when the 1-hr and 24-hr tests of freezing were performed (Fig. 4B) , although it decreased activity from 20 to 60 min after the dose. The effect of rolipram also appeared to be specific for hippocampus-dependent learning. Mice treated with rolipram (0.1 mol͞kg) 30 min before their first day of training in cued-platform water maze (29) showed slower learning and required an extra day to match the performance of vehicle-treated animals (Fig. 4C) . Thus, performance on this task was, if anything, degraded rather than improved by rolipram. Despite these indications of marginal toxicity from this dose of rolipram, it actually led, in the contextual freezing task, to improved performance.
We also tested rolipram effects on memory in aged mice. Injection of 0.1 mol͞kg rolipram 30 min before training significantly increased freezing to context by aged animals after 24 hr (29 Ϯ 2% vs. 20 Ϯ 3% for vehicle injected (n ϭ 6 each), P Ͻ 0.05, Fig. 3 ).
DISCUSSION
We have demonstrated that low doses of a type IV-specific PDE inhibitor can act to potentiate and extend LTP at the CA3-CA1 synapse in response to a stimulus that normally induces LTP lasting less than 1.5 hr. Consistent with earlier genetic experiments, our results support a correlation between L-LTP and long-term memory. Furthermore, the results suggest strongly that cAMP-driven increases in PKA activity are not only necessary for the transition from short-term to long-term processes at both the physiological and behavioral levels, as indicated by previous studies, but also can be sufficient to cause that transition, although we expect that other mechanisms may also be sufficient.
Whereas both low and high doses of rolipram facilitated the potentiation and temporal extension of LTP, low doses were more effective, suggesting that some occlusion was active at the higher concentration. Furthermore, only low doses were effective behaviorally in improving 24-hr memory when given before training. The failure of high doses to improve memory appears to be because high doses are behaviorally toxic, inducing lethargy and perhaps alterations in perception of the environment or some other process that prevents learning. Notably, behavioral improvements occur with a dose of rolipram at which cAMP signaling was increased although basal levels were left unchanged. Toxicity appeared at a dose that raised basal cAMP levels in our biochemical experiments. It is possible that toxicity in vivo may be independent of changes in basal cAMP concentrations through effects on targets other than type IV PDE, but rolipram appears to be particularly specific in this regard. Interestingly, effects of rolipram on the size of LTP starting immediately after training (Fig. 2 A) were not reflected by increased freezing by animals at 1 hr. We are not sure what accounts for this observation. We speculate that the physiological LTP or LTP-like synaptic modification generated by the training may already saturate the contribution of synaptic strengthening to short-term memory. In vivo, it is clear also that the threshold for long-term memory has been reached in some pathways after this training with no rolipram present, because control animals also freeze at 24 hr, although for less time than rolipram-treated animals.
Several other agents have been described as type IV-specific agents. With one of these, Ro20-1724, we generated results in the in vitro biochemical and physiological experiments on cAMP signaling and L-LTP generation similar to those described above for rolipram (data not shown). However, injections of a wide range of doses of Ro20-1724 into living mice before training caused either no change in behavioral memory or lethargy suggestive of toxic effects, along with decreased FIG. 3 . Effects of rolipram on memory. Pretreatment with 0.1 mol͞kg rolipram had no effect on immediate freezing in the training chamber or on freezing to context when mice were returned to the training chamber after 1 hr. However, when mice were tested 24 hr later, rolipram increased freezing significantly over vehicle treatment alone (**P Ͻ 0.01). Injection with 3.0 mol͞kg rolipram before treatment had no effect on freezing to context after 24 hr. Pretreatment with 0.1 mol͞kg rolipram increased freezing to context in 18-month-old mice 24 hr after training (*P Ͻ 0.05).
24-hr memory (data not shown). Consistent with these observations, Ro20-1724 has been reported to have toxic effects dissociated from its effects on cAMP, although rolipram has not been reported to have such effects (30, 31) .
It is interesting that administration of both low and high doses of rolipram enhanced memory when administered after training, especially because the low dose had no effect on one-train LTP in vitro when perfused after the tetanus. Two explanations seem possible. One is that the mechanisms underlying LTP have nothing to do with the behavioral effect of rolipram treatment. However, it seems likely that behavioral training involves more than is modeled by a single tetanic train generating LTP in slice. Even when training consists of a single shock as unconditioned stimulus, animals are likely to replay or rehearse salient events in their experience during the process of memory consolidation. Because some 24-hr freezing occurs in the absence of rolipram, it is likely that the training experience in vivo more resembles the model of four tetanic trains spread over 15 min used to generate L-LTP in slice. Thus, even though given after training, rolipram might be present for one or more of the mental rehearsals of the experience. High-dose rolipram, by generally raising cAMP concentration throughout the brain, may enhance memory by a different mechanism when given after training, perhaps by consolidating changes at recently stimulated synapses ''tagged'' by endogenous signaling mechanisms (32, 33) .
Our biochemical results indicate that it is possible to increase signaling in the cAMP pathway without significantly affecting basal cAMP concentrations. Targeting the degradative enzyme, in this case PDE, may be particularly fruitful because partial inhibition of degradation may be undetectable at basal levels of substrate, when the degradative enzyme is likely to be present in great excess, and homeostatic mechanisms may compensate for low levels of inhibition (34) . Because rolipram is a competitive inhibitor with cAMP for PDE, Michaelis-Menton kinetics suggest that our results are most consistent with a model in which basal adenylyl cyclase activity is reduced to match that of the inhibited PDE [perhaps through phosphorylation by PKA (35, 36) ], although retaining its normal potential for activation by forskolin. When signaling increases substrate concentration and stresses the capacity of the degradative enzyme, it uncovers the effect of the inhibitor and amplifies the size of the cAMP signal. Similar targeting of catabolic enzymes for low-level inhibition may be a fruitful means of amplifying other second-messenger signal to noise ratios for experimental and clinical purposes. Our experiments with chronic administration of rolipram to older animals (Mary Elizabeth Bach, M. B., Hyeon Sun, Min Zhuo, Yun-Fei Lu, Robert Shih, Isabelle Mansuy, Robert D. Hawkins and E.R.K., unpublished work) indicate that this treatment may be both efficacious and sufficiently free of toxic side effects to permit its clinical use to ameliorate age-related deficits in human memory.
